Objective: Water recycling is a significant part of an overall water management system. The current study evaluated electrocoagulation, used in combination with ultraviolet light (at 254 nm), to reduce the organic content and enhance the microbiological quality, of wash water derived from shredded lettuce processing. Method: The composition of spent wash water derived from a commercial lettuce processing operation was used to prepare a simulated solution to be applied to validate the water recycling system. The simulated spent wash water was subjected to an electrocoagulation process followed by filtration and a tertiary ultraviolet (254 nm) treatment. The efficacy of the recycling treatment to decrease turbidity (nephelometric turbidity units, biological oxygen demand (BOD), chemical oxygen demand (COD) and decrease in introduced bacterial numbers. Results: Spent wash water sampled from a commercial processing line was found to be colloidal in nature (78 ± 26 NTU) with low total solids content (544 ± 87 mg/L), BOD (230 ± 53 mg/L) and COD (309 ± 53 mg/L). An electrocogaultion process performed for 10 min using 3.48 A/m 2 current density at pH 6.5 and conductivity of >100 µS/cm supported an 87% removal of turbidity, 38% reduction in BOD along with 49% decrease in COD. The electrocoagulation process was also found to reduce the levels of Escherichia coli, Salmonella and Listeria monocytogenes by 1-2 log cfu. The tertiary UV treatment of water derived from the electro coagulation process, supported further reduction in model pathogens, although it was noted that the D values for inactivation were in the order of 1.01-1.60 mJ/cm 2 , which compares to 0.22-0.31 mJ/cm 2 in saline. The apparent increase in bacterial resistance to ultraviolet was likely due to the UV absorbing low molecular weight constituents within wash water that provided protection against inactivation.
Introduction
Ever since the introduction of processed leafy greens in the late 1980s to the produce sector, the demand for bagged salads has grown at a rate of 10% each year and now represents a $51.4 billion industry in North America alone (Warriner et al., 2009) . One of the largest sectors in the fresh produce market continues to be lettuce-based salads (Farragher et al., 2016) . In preparing the product, heads of lettuce are passed through a shredding unit, and then through an initial wash to remove soils followed by a biocidal wash to reduce microbial loading (Warriner et al., 2009) . Hypochlorite is the mostly used sanitizing agent partly due to low cost, and also because of historical reasons along with ease of monitoring using oxidation reduction potential (ORP)-based systems (Barrera et al., 2012) . Through various studies it has been clearly demonstrated that the efficacy of washing for removing pathogens, such as Escherichia coli O157:H7, Salmonella, and Listeria monocytogenes, is limited to 1-2 log cfu reductions (Aixia and Micallef, 2015) . Of more concern is the potential for pathogens to be redistributed between produce batches via cross-contamination events (Allende et al., 2008; Lopez-Galvez et al., 2010) . To this end, it has been found that maintaining free chlorine levels within the wash tank is a critical factor in minimizing cross-contamination events (Luo et al., 2011) . However, even with wash processes using ORP feedback systems, the ability to maintain free chlorine levels is compromised by the accumulation of organics within the wash water that react with hypochlorite to form disinfection by-products that essentially sequesters antimicrobial action (Luo et al., 2011) . This is especially relevant with lettuce that contains high concentrations of latex and antioxidants, along with other constituents that could potentially interact with chlorine (Sessa et al., 2000; ShihChi et al., 2016) . To counter the accumulation of organic matter within the wash tank, it is possible to simply add increasing concentrations of hypochlorite to meet the chlorine demand (ShihChi et al., 2016) . However, this approach is unfeasible due to the generation of high levels of disinfection by-products that affect flavour and odour taints on the product. A more common approach is to reintroduce or recharge the wash tanks with fresh water at a rate of 10%-50% depending on the processor (Warriner and Namvar, 2014) . However, recharging tanks significantly increases the usage of water and contributes to the estimated 40 l of water to produce 1 kg of lettuce. Moreover, the larger volume of water usage increases the amount of wastewater that requires treatment, which further elevates costs (Manzocco et al., 2015) .
A potential approach to reduce water usage is through recycling of spent water back into the process following removal of solids along with reduction in the biological oxygen demand (BOD) and chemical oxygen demand (COD) (Manzocco et al., 2015) . Technologies that recycle water can be based on a combination of physical, biological, and chemical steps (Tee et al., 2016) . Although biological treatments are highly efficient at reducing the BOD and COD, the process is time consuming and adds to the footprint along with processing costs (Bouallagui et al., 2005) . Therefore, physical and chemical methods are preferred for a continuous or semi-continuous process in which the water can be returned into the processing line. Here, a coagulation step is performed to aggregate the solids to facilitate filtration, although residual coagulant agent such as alum can be a problem due to toxic residue (Warriner and Namvar, 2014) . Electrocoagulation has been applied to treat a range of wastewater types from domestic sewage through to water derived from winery operations although it has not been evaluated for treating spent leafy green wash water (Butler et al., 2011) . The electrocoagulation chamber typically consists of sacrificial aluminium plate electrodes that are polarized at a defined voltage. Oxidation reactions occur at the anode that can lead to the production of hypochlorite depending on the concentration of chloride ions. In the course of electrolysis, dissolution of the plates occurs generating aluminium hydroxide, or polymers, that act to coagulate solids that are raised to the surface via the generation of hydrogen gas at the cathode (Butler et al., 2011) . The direct electro-oxidation of water constituents reduce the COD and BOD although reductions in microbial levels by the process have not been previously described. With regards to the latter, tertiary treatment is applied that can include the addition of chemical sanitizers or physical methods such as UV-C germicidal lamps (Manzocco et al., 2015) . The benefits of UV-C are that the process can support the inactivation of microbes, in addition to the photo-oxidation of reactive species within wash water.
In the following, the application of electrocoagulation in combination with UV to treat spent wash water derived from shredded lettuce processing has been evaluated. The work encompassed formulating a simulation matrix based on characterizing spent wash water derived from a commercial processing line. The simulation spent water was used to assess the efficacy of electrocoagulation to remove turbidity, solids content, BOD, COD, and microbial loading. The inactivation kinetics of model bacteria by UV in treated spent wash water were then determined.
Experimental
Spent leafy green water characterization and preparation of simulated spent irrigation water Spent leafy green wash water was collected from a commercial processing facility on three separate occasions and characterized with respect to turbidity, solids content, BOD, and COD (Table 1 ). The processing line processed 2300 kg/h of shredded iceberg lettuce over a period of up to 30 h. Sanitizer (50-200 ppm sodium hypochlorite) was automatically added by using a dual pH-ORP control system, the level of chlorine and pH in water were maintained in the range of 600-850 mV and pH 6.5 -6.9, respectively. The wash tanks were replenished with fresh water at a rate of 20-30% per hour.
To ensure consistency between experiments, a simulated spent wash water was prepared based on the composition of commercial wash water samples (Table 1) . Specifically, the simulated water was prepared by blending iceberg lettuce leaves (6.6 g/l) with 0.1 g/l bentonite in distilled water. Large particulates were removed from the homogenate by passing through a 20 µm pore size cellulose filter. The conductivity of the filtrate was adjusted between 100 and 1000 µS/cm using NaCl.
Analytical techniques
COD of water samples were determined using HACH DBR 200 Reactor (Hach Co., Loveland, CO, USA) for digestion and HACH DR 2800 (Hach Co., Loveland, CO, USA) for colorimetric determination method according to Standard Method 5220D (APHA, AWWA, Table 1 . Characteristics of spent wash water derived from a shredded lettuce processing facility. Also shown are the characteristics of a simulated spent shredded lettuce wash water prepared from a blend of lettuce leaves, bentonite, and NaCl.
Parameter
Commercial spent wash water , 1989) . BOD was determined in accordance with method 5210 (APHA, AWWA, WEF, 1989) . Total soluble solids (TSS) was quantified by using filtration (1.5 µm pore size glass microfibre filter; Cole Parmer, Montreal, Canada) followed by drying of the retentate at 105°C in accordance with method 2540D (APHA, AWWA, WEF, 1989) . Total solids (TS) was determined using method 5210 (APHA, AWWA, WEF, 1989). Turbidity was measured by a turbidity meter (Oakton T-100; Cole Parmer) with the pH and conductivity of samples measured using an Extech DO610 meter (Cole Parmer).
Bacteria cultivation and enumeration
The bacteria used in the study were E. coli P36, which were originally isolated from spinach that expressed kanamycin resistance. Salmonella typhimurium WG49 and L. monocytogenes were used; both of which were obtained from the American Type Culture Collection (ATCC). The bacteria were individually cultivated in 200 ml of Tryptic Soy Broth (TSB; Difco. Sparks, MD, USA) at 37°C for 24 h with the cells being harvested by centrifugation (5000 g, 10 min, 4°C). The cells were washed once in saline and then resuspended to a final cell density of 8 log cfu/ml. The cell suspensions were stored at 4°C until required, but for no longer than 4 days. Escherichia coli P36 was enumerated by plating onto TSA containing 50 µg/ml kanamycin that were then incubated for 24 h at 37°C. Salmonella was enumerated on XLD incubated at 37°C for 24 h with modified Oxford agar being used to enumerate L. monocytogenes at 30°C for 48 h.
Electrocoagulation process
An electrolysis cell was constructed using 6 aluminium plates (7.5 cm × 7.5 cm, 0.3 cm thickness; effective working area of 570 cm 2 ) with an intra-electrode spacing of 2 mm. Each of the three anode plates faced a cathode with electrical connections being sealed with silica. The electrodes were polarized at a defined voltage using an Extech DC Power Supply (Cole Parmer) with stirring being achieved via a magnetic stirrer rotating at 120 rpm. The plate electrodes were submerged in 500 ml volumes of the test sample and voltage applied for the appropriate treatment time. Samples (25 ml) were removed and passed through a 20 µm pore size cellulose filter and the turbidity of the filtrate determined using a turbidity meter. Turbidity removal efficiency was determined for all samples using the following equation:
where C 0 represents the initial turbidity and C is the final turbidity, measured after electrolysis. Trials were performed to determine the reduction in model bacteria during the electrocoagulation process. Here, simulated spent wash water was prepared as described in Table 1 with conductivity adjusted to 500 µS/cm. Volumes (500 ml) of the simulated spent wash water was inoculated with E. coli, Salmonella, or L. monocytogenes to a final cell density of 5 log cfu/ml. Aliquots (1 ml) were removed to determine the initial cell count and the remainder of the sample was electrocoagulated for 10 min using an applied potential of 4 V. Upon completion of the electrocoagulation process, the flocculated solids were removed by filtration through a 20 µm pore size cellulose membrane. Samples were taken of the filtrate to enumerate the number of survivors.
Energy and material consumption
The energy consumption was determined using the following equation:
where V is the voltage, I is current (A), t is the run time (in s), and ν is the volume of liquid treated (m 3 ) (Chopra and Sharma, 2014) . The energy consumption was calculated in Watts (W) and the final amount is reported in kW/h/m 3 (Chopra and Sharma, 2014) . The rate of Al 3+ dissolution was calculated using Faraday's law:
where I is the current (in A), t is treatment time (in s), M w is the molecular weight of the Al electrode (26.98 g/mol), z is the number of electrons transferred (for Al it is 3), F is Faraday's constant (96485 C/mol) and ν is the volume of water treated (in m 3 ) (Chopra and Sharma, 2014) .
Ultraviolet collimated beam
Spent wash water (500 ml) from the electrocoagulation process was filtered through a 20 µm pore size cellulose filter and inoculated with the test bacteria to a final cell density of 7 log cfu/ml. UV treatment was performed using a collimated beam apparatus described by Bolton and Linden (2003 
where E o is the average of six measurements of UV intensity of the test area measured using a radiometer (Model UVX Digital Radiometer; UV Inc., Upland, Canada). RE is the reflection factor, PF is the Petri dish factor, WF is the water quality factor, and DF is the divergence factor.
Experimental design and statistics
Each experiment was repeated at least three times and statistically analysed using ANOVAR and Tukey's test (S-Plus, Insightful Corp., NY, USA). In all cases, the significance level was set at P ≤ 0.05.
Results

Electrocoagulation treatment
A simulated spent lettuce wash water matrix was prepared to ensure consistency between the different experiments. The composition of the simulated wastewater were based on that of a commercial shredded lettuce processing line at the midpoint of a typical processing activity. The water was characterized by having relatively low solids with corresponding low BOD and COD (Table 1 ). In preparing the simulation spent wash water, the main focus was placed on the solids content given this contributed to turbidity of the solution. The total solids of the simulation wash water the other parameters were within the approximate range of that derived from commercial process water (Table 1) . It was found that, when simulated spent wash water was subjected to electrocoagulation treatment, the extent of turbidity reduction was dependent on the treatment time and applied voltage. The highest rate of turbidity removal was observed at 8 V although the solids removal was insignificantly different (P > 0.05) to 6 V following a 10 min treatment (Figure 1) . In contrast, when lower voltages were applied, the corresponding turbidity decrease was lower within the 10 min timeframe.
The extent of turbidity removal was dependent on the pH of the spent wash water (Figure 2 ). The highest decrease in turbidity was observed in the neutral to alkali regions, provided the conductivity of the solution was 500 µS or higher. When the conductivity of solution was 110 µS, the optimum pH for achieving maximal turbidity removal was pH 6.5, but the electrocoagulation process was significantly lower in the alkali or more acidic samples (Figure 2) .
The current density, aluminium loss from electrodes, and energy consumption increased with voltage (Table 2 ). However, the reduction in BOD and COD supported by electrocoagulation performed at 4 vs 8 V was not significantly different (P > 0.05) between the two voltages ( Table 2 ). The electrocoagulation process reduced the levels of E. coli and Salmonella although the extent of decrease in numbers did not correlate to the applied voltage (Table 2) . Listeria was also reduced by the electrocoagulation process but by a significantly (P < 0.05) lower amount compared to E. coli or Salmonella.
UV treatment of filtered electrocoagulated water
The UV-assisted inactivation of E. coli, Salmonella, and Listeria was determined with the model bacteria suspended in spent lettuce water that had been subjected to electrocoagulation treatment (6 V, 10 min, pH 6, 500 µS/cm), and then filtered. The D value for each of the bacteria was determined from the inactivation curves and compared with values obtained in saline. It was found that the D values for the different bacteria in saline was varied between 0.22 and 0.28 mJ/cm 2 but were significantly (P < 0.05) higher when performed in electrocoagulated spent water-treated samples ( Table 3 ). The results indicate that the apparent UV resistance of the model bacteria is higher in treated spent wash water compared with saline. It was also noted that the UV transmission of the spent wash water was 10 ± 0.4% with a measured turbidity of 1.6 ± 0.27 nephelometric turbidity units (NTU).
Discussion
The measured parameters of spent wash water derived from commercial processing were lower than those reported by Weng et al. (2016) . The authors reported the COD of spent lettuce wash water was in the order of 25 000 mg/l and solids content in the order of 690 mg/l. Yet, it should be noted that the spent wash water described by Weng et al. (2016) was generated under laboratory conditions by submerging shredded lettuce in distilled water and consequently not representative of commercial conditions. However, it is likely that the spent wash water characteristics would vary between shredded lettuce processing lines depending on factors such as water:product ratio along with the rate in which tanks are recharged with fresh water.
The efficacy of the electrocoagulation treatment process to reduce turbidity of simulated spent water was dependent on the applied voltage, pH, and conductivity. The influence of voltage on the electrocoagulation process was related to the current density generated along with dissemination of Al 3+ from the anode, in addition to the generated hydroxide and hydrogen. The current densities required to support an 87% reduction in turbidity were significantly lower for spent wash water from shredded lettuce wash water when compared with values reported for other processing waste water types. For example, wastewater derived from wineries required current densities in the order of 400 A/m 2 with that derived from potato processing 150 A/m 2 (Kobya et al., 2006) . In other electrocoagulation applications related to wastewater derived from food or related processing, current densities required to achieve high turbidity removal range from 70 to 500 A/m 2 (Drogui et al., 2008; Kara et al., 2013 ). Yet, it should be noted that the aforementioned waste waters typically have high solids content along with CODs and BODs compared with shredded lettuce spent wash water used in the current study. Yet, comparable current densities for treating wastewater with low solids content such as cereal processing or water derived from container wash station (Butler et al., 2011; Kara, 2013) . In practical terms, the low current density requirement to achieve turbidity removal means an overall lower energy requirement and extended working life of electrodes, in addition to lower maintenance requirements.
The efficacy of turbidity removal was influenced by pH and the conductivity of the spent wash water sample. The pH effect is related to aluminium chemistry that, under acidic conditions, forms with the monomer (Al 3+ ) being the predominant species and polymeric form dominating at more neutral to alkali pH (Palacios et al., 2016) . The polymeric form of aluminium has the property of higher charge neutralization and stabilizing flocs, compared with the monomer, thereby improving solids removal (Palacios et al., 2016) . It is also be noted that the charge carried by plant constituents (for example, humic acid) would be net negative at neutral to alkali pH that would also facilitate the flocculation process via interaction with the polymeric aluminium coagulant (Haynes and Mokolobate, 2001; Palacios et al., 2016) .
The effect of pH on the turbidity removal was also influenced by the conductivity of the spent wash water. This can be attributed to the potential drop that ultimately decreases the charge density generated at the given voltage. In practical terms, the conductivity of spent wash water derived from shredded lettuce processing was low and variable. Yet, even at 100 µS/cm, it was possible to reduce turbidity by >80% at pH 6.5 which is around the pH of most commercial produce wash tanks maintained at when using hypochlorite as a sanitizing agent (Barrera et al., 2012) .
The reduction of BOD and COD is frequently used as a key metric in defining the success of an electrocoagulation treatment. In the current study, the BOD and COD were within acceptable limits prior to electrocoagulation treatment but further reduced. The decrease in COD and BOD was achieved through solids removal, polymerization of reactive monomers, and/or direct electro-oxidation (Prajapati and Chaudhari, 2015) . It is possible that all three mechanisms were occurring in treating spent wash water although it was interesting to note that the extent of reduction was independent of the current density. This suggests that the decrease in BOD and COD could be attributed to flocculation of solids with direct electro-oxidation playing a lesser role.
Electrocoagulation is not specifically designed as an antimicrobial step unless a salt such as NaCl is supplemented into the waste stream to support the generation of hypochlorite as with electrolyzed water (Park et al., 2008) . The salt concentration to support the formation of electrolyzed water is in the order of 0.5% w/v, which is far in excess of concentrations encountered in spent lettuce wash water. Nevertheless, a 1-2 log reduction of the model bacteria was observed by the electrocoagulation process. If it unclear at this time whether the reduction was by direct inactivation by generated hypochlorite or from being entrapment within the coagulated floc material. Nevertheless, it was evident that the electrocoagulation process could contribute to reducing the microbial burden of spent wash water.
In the current study, UV was applied as a tertiary treatment to reduce counts of model pathogens to reduce risks of cross-contamination in wash tanks. When the inactivation kinetics for the model bacteria was performed in water, the D values obtained were in the same order as those values published by others (Guerrero-Beltran and Barbosa-Canovas, 2004; Gabriel and Nakano, 2009 ). However, in the treated spent lettuce wash water, the D values were increased. This can be attributed to the UV absorbing constituents associated with the water that were not removed by electrocoagulation. Indeed, the UV transmission of the electrocoagulated water was 10% despite the low turbidity. A similar finding has been reported for UV treatment of plant derived wastewater whereby low-molecular-weight constituents had a protective towards microbes during treatment (Antonelli et al., 2008) . Although the presence of UV absorbing constituents can be viewed as a disadvantage of UV, it is possible to supplement water with hydrogen peroxide to promote an AOP reaction to enhance lethality of UV (Guimaraes et al., 2016) . However, in practice, the summation of microbial reduction by electrocoagulation, UV, and hypochlorite added to the wash tank would be sufficient to negate food safety risks presented by cross-contamination of pathogens during the wash process.
Conclusion
The study demonstrates that a combination of electrocoagulation followed by UV treatment can be applied as a rapid method for removing turbidity, solids content, and microbial loading of spent wash water. A notable feature of the electrocoagulation process is the low current density required to achieve a rapid reduction in turbidity. Although the reduction of COD and BOD was moderate, it should be noted that both were relatively low in the wastewater stream. It was also demonstrated that electrocoagulation can reduce Table 2 . Effect of applied potential on the current density, energy consumption, electrode erosion, BOD, COD, and reduction in bacterial numbers. The electrocoagulation process was performed in simulated spent wash water as described in Table 1 with the conductivity set to 500 µS/cm. The electrocoagulation process was performed for 10 min and samples taken away for analysis following filtration. 3.48 ± 0.50 b 0.27 22.4 ± 5 b 28.7 ± 5.6 a 46.2 ± 3.9 a 1.81 ± 0.36 a 1.87 ± 0.33 a 1.12 ± 0.23 a 6
Voltage
5.22 ± 0.18 c 0.60 33.6 ± 15 c 28.1 ± 6.8 a 49.0 ± 4.7 a 1.98 ± 0.70 a 1.90 ± 0.20 a 1.00 ± 0.28 a 8
6.96 ± 0.75 d 1.07 44.7 ± 12 d 31.8 ± 7.9 a 44.6 ± 3.7 a 1.86 ± 0.58 a 2.10 ± 0.60 a 1.15 ± 0.40 a Values within columns followed by the same letter are not significantly different. Table 3 . D values (dose to support 1 log reduction) for the UV inactivation of Escherichia coli, Salmonella, and Listeria monocytogenes in saline or water derived from simulated spent wash water that has been passed through the electrocoagulation process. the levels of bacteria of concern in fresh produce processing, thereby adding the lethality of the UV-based tertiary treatment. The recycling system proposed can form part of a water management system to reduce usage in shredded lettuce processing.
